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ABSTRACT

We provide direct experimental evidence for a non-random distribution of atomic
constituents in Zr-based multi-component bulk metallic glasses using positron annihilation
spectroscopy. The Ti content around the open-volume regions is significantly enhanced at the
expense of Cu and Ni, indicating that Cu and Ni occupy most of the volume bounded by their
neighboring atoms while Ti and Zr are less closely packed and more likely to be associated with
open-volume regions. Temperature-dependent measurements indicate the presence of at least
two different characteristic sizes for the open volume regions. Measurements on hydrogen-
charged samples show that the larger open-volume regions can be filled by hydrogen up to a
critical density. Beyond this critical density, local atomic-scale open-volume damage is created
in the sample to accommodate additional hydrogen. The onset of this local damage in positron
annihilation data coincides with the onset of volume expansion in X-ray diffraction data.

INTRODUCTION

A number of zirconium-based multi-component alloys form bulk metallic glasses at
relatively slow cooling rates [1,2]. These glasses exhibit a number of interesting physical
properties, including large elastic strains to failure, unusual diffusion characteristics, and high
tensile strengths [3-5]. Little is known about the detailed atomic arrangement of these metallic
glasses, and how any such atomic structure may influence their mechanical properties. The
fundamental processes responsible for atomic mobility and rearrangement are different from
those for crystalline materials, and may be influenced by defect-like open-volume regions [4].

Positron annihilation spectroscopy (PAS) provides a sensitive probe of open-volume regions
and defects in materials [6]. Positrons tend to occupy open-volume regions due to their Coulomb
repulsion with the atomic nuclei. Consequently, positrons preferentially annihilate with
electrons associated with atoms adjacent to these open-volume regions. Positron lifetimes
measure the characteristic size of these regions, and previous work indicates that the metallic
glasses studied here have single-component lifetime values that lie between those for the
constituent bulk metals and metal vacancies [7,8].

Positron Doppler broadening experiments measure the electron-momentum distribution.

The high-momentum part of this distribution results from annihilation with electrons that retain
their orbital character in the solid, such as core electrons and atomic-like transition-metal d-
electrons. The resulting momentum distributions are therefore characteristic of the atom type,
and so can be used to determine the chemical species associated with the open-volume regions of



the metallic glass. The elemental specificity of this technique has been established in recent
studies [9-11].

We have used positron annihilation spectroscopy to examine the properties of two different
sets of Zr-based multi-component alloys. We find evidence for chemical short-range order in the
metallic glass, indicating that the atomic distribution is not entirely random. Temperature-
dependent measurements indicate the presence of at least two different characteristic sizes for the
open-volume regions. We demonstrate that the larger-volume holes can be filled by hydrogen-
charging up to a critical amount of hydrogen. Beyond this critical value, additional hydrogen
charging creates atomic-scale open-volume damage in the glass. The onset of damage seen in
positron annihilation coincides with the onset of volume expansion seen in X-ray diffraction.

EXPERIMENTAL

Electron momentum measurements were performed using a standard two-detector
coincidence setup [9,11]. Room temperature measurements were performed using a 3 MeV
positron accelerator [12]. The positrons from this beam are deposited in the bulk of the sample,
so these measurements are insensitive to near-surface contributions. Temperature-dependent
measurements were performed using a **Na source providing a range of positron energies up to
about 1.2 MeV.

Two different sets of samples were used in this study. The Zrs; sTisAl;oCu;79Nijs¢ samples
were prepared at Oak Ridge National Laboratory by arc melting in inert gas, followed by drop
casting. The Zry; 25Ti1375sNi19CuizsBer s samples were prepared by EDM. Both sets of samples
were approximately 6mm thick, sufficient to stop the high-energy positron beam. Hydrogen-
charging of the Zrs; 25T113.75N110Cuy2 sBez s metallic glasses was performed ex situ using a
cathodic charging technique under constant current conditions [13]. Since the highly penetrating
3MeV positron beam was used for most of this study, no special surface preparations were
performed on the samples.

RESULTS AND DISCUSSION
Chemical Short-Range Order

Figure 1 shows the electron momentum density for Zrs; sTisAljgCuy79Nig6 In order to
enhance the features, we have plotted the ratio of the momentum density to an arbitrary reference
spectrum. The solid line is obtained by combining experimental spectra from well-annealed
elemental metal samples of the alloy’s components in proportion to the atomic percentage of
cach element in the metallic glass. The large difference between the solid line and the data for
the metallic glass indicates that the positrons do not sample all atomic species in the glass
equally. By using the elemental metal spectra as fitting functions, we can determine an effective
chemical composition as seen by the positron. The resulting fitting parameters are listed in Table
I. The positron sees strong contributions from the Zr and Ti atoms, with a large enhancement of
the Ti component over that expected on the basis of the atomic composition, and a
correspondingly large reduction in the contributions from Ni and Cu.

The observed deviations from atomic composition are a direct consequence of the positron
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Figure 1. Ratio of electron momentum density n(py) for Zrs, sTisAl;9Cu;79Niy s to a reference Ge spectrum. The
solid line is the expected spectrum based on the atomic percentages of the metallic glass components. The dotted
line is a least-squares fit to the experimental data points (squares) using a linear combination of the experimental
spectra for well-annealed bulk elemental reference samples. The coefficients in the fit are given in Table 1.

Table I. Composition of constituent elements for Zrs; sTisAljyCuy79Nij4 ¢ as given by positron annihilation
measurements. Ni and Cu spectra were too similar to be resolved, so they are represented by a single component.

Element Atomic comp. Fit
Al 0.1 0.081
Ti 0.05 0.336
Ni+Cu 0.325 0.083
Zr 0.525 0.503

distribution. Since the positron samples open-volume regions, these differences in positron
sensitivity are due to differences in the local atomic coordination around each atomic species,
and their affinity for open-volume regions. Our results therefore indicate the existence of short-
range chemical order in the metallic glass: Ni and Cu are closely surrounded by their
neighboring atoms, resulting in a lower sensitivity to positrons, while Ti and Zr are associated
with more open-volume regions, consistent with a smaller number of nearest neighbor atoms and
a preference for open-volume regions. The given results were taken on an as-received sample.
No significant changes were observed after a low temperature (200° C) anneal [8]. A similar
enhancement in the Ti component and reduction in the Cu and Ni components was also observed
for the Zr4; 25T113 75sNi190Cu 2 sBern s metallic glasses.

Temperature Dependence

It is often helpful to reduce the full electron momentum dataset to facilitate analysis. One
commonly used dataset reduction involves computing the low-momentum fraction in the
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Figure 2. Temperature variation of the low-momentum fraction (n(p}< 0.38) of the electron-momentum density,
n(p). Larger values correspond to increased annihilation with valence electrons and a corresponding reduction in
core annihilation.

spectrum by summing all electron momentum density contributions with momentum less than
some cutoff (0.38 a.u.), and dividing this by the total integrated spectrum value. This fractional
value, often referred to as the S-parameter, gives a measure of the amount of annihilation with
valence electrons [6]. Large values for the low-momentum fraction imply mostly annihilation
with delocalized low-momentum electrons, suggesting that the positron occupies open-volume
regions well removed from the core electrons. Conversely, small values for this component
suggest that the positron has significant overlap with core electrons and is therefore in a smaller
open-volume region.

Figure 2 shows a plot of the low-momentum component vs. temperature for the metallic
glass Zr4; 25Ti1375sNi19Cui2 sBezzs. The increase in value of the low-momentum component with
increasing temperature suggests a change in the positron environment. At low temperatures, the
positron has little thermal energy, so it is confined in a small region of space where it ultimately
annihilates. At higher temperatures, the positron has a higher thermal energy, so it diffuses
further before annihilating, allowing it to find larger open-volume regions. The increase in low-
momentum fraction therefore indicates the existence of at least two characteristic sizes for the
open volume regions in the metallic glass. At low temperatures, the positron remains in the
smaller volume regions since it has insufficient thermal energy to escape. At higher
temperatures, the positron diffuses out of the smaller-volume regions and is subsequently trapped
in slightly larger open-volume regions, with a corresponding increase in the low-momentum
component due to the change in overlap with the core and valence electrons.

Hydrogen Charged Samples

Hydrogen charging increases the hardness of metallic glasses [13]. X-Ray diffraction
measurements suggest that hydrogen charging occurs without appreciable volume expansion up
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Figure 3. Plot of low momentum fraction vs. high momentum fraction for hydrogen-charged samples. Low
momentum fraction (n(p)<0.38a.u.) is largest for open-volume regions that favor annihilation with valence
electrons. High momentum fraction (la.u.<n(p)<4a.u.} is largest for smaller volume regions with significant core
overlap. Nofte that hydrogen charging initially moves in the direction of increased core contribution, but reverses to
increased open-volume-like valence contribution above 510 ppm.

to around 550 appm [14]. This suggests that hydrogen may occupy existing open-volume
regions in the metallic glass up to this critical concentration. Figure 3 shows a plot of high
momentum fraction vs. low momentum fraction for Zry; 25Ti13.75NijoCuyz sBess s samples with a
range of hydrogen charging. The high momentum fraction, often referred to as the W-parameter,
is fraction of electron momentum density between 1 and 4 a.u. and is largest when there is a
large core-electron contribution to the positron annihilation [6]. The variations in high and low
momentum fraction show an increase in the amount of core annihilation and a reduction in
valence annihilation with increasing hydrogen charging up to 510 appm. This is consistent with
the hydrogen occupying the larger open-volume regions, thereby excluding the positrons and
forcing them to occupy the smaller open-volume regions. Above 510 appm, the trend reverses,
and we see a large increase in the low-momentum component and a reduction in the high-
momentum component, suggesting that the positron is once again in larger open-volume regions.
This coincides with the onset of volume expansion in X-ray diffraction [14], suggesting that the
hydrogen has filled all the larger open-volume regions that are immediately accessible, and must
therefore create open-volume damage to accommodate more hydrogen.

CONCLUSIONS

We have used positron annihilation spectroscopy to investigate the open-volume regions in
bulk metallic glasses. Electron momentum measurements indicate that the positron does not see
the atomic species in proportion to their atomic composition in the alloy. Ti and Zr are seen
much more strongly than the other components, indicating that the other components are more
closely coordinated by their neighboring atoms and so less accessible to the positron which




favors the open-volume regions. Temperature measurements showed a change in the low-
momentum component with temperature, indicating that there are at least two characteristic sizes
for the open-volume regions. Thermal trapping into these regions changes with temperature, and
favors the larger open-volume regions at higher temperature. Hydrogen doping appears to fill
these larger open-volume regions, driving the positron back into the smaller open-volume
regions. However once the available holes are filled with hydrogen, further charging creates
local atomic-scale damage in the metallic glass, leading once again to positron localization in
large open-volume regions. This interpretation is consistent with X-ray diffraction data which
shows an onset of volume expansion around 550appm.
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